In developed countries, coronary artery disease (CAD) continues to be a major cause of death and disability. Over the past two decades, positron emission tomography (PET) imaging has become more widely accessible for the management of ischemic heart disease. Positron emission tomography has also emerged as an important alternative perfusion imaging modality in the context of recent shortages of molybdenum-99/technetium-99m ( 99m Tc). The clinical application of PET in ischaemic heart disease falls into two main categories: first, it is a well-established modality for evaluation of myocardial blood flow (MBF); second, it enables assessment of myocardial metabolism and viability in patients with ischaemic left ventricular dysfunction. The combined study of MBF and metabolism by PET has led to a better understanding of the pathophysiology of ischaemic heart disease. While there are potential future applications of PET for plaque and molecular imaging, as well as some clinical use in inflammatory conditions, this article provides an overview of the physical and biological principles behind PET imaging and its main clinical applications in cardiology, namely the assessment of MBF and metabolism.
Introduction
In developed countries, coronary artery disease (CAD) continues to be a major cause of death and disability. 1 Over the past two decades, positron emission tomography (PET) imaging has become more widely accessible for the management of ischaemic heart disease. Positron emission tomography has also emerged as an important alternative perfusion imaging modality in the context of recent shortages of molybdenum-99/technetium-99m ( 99m Tc). 2 The clinical application of PET in ischaemic heart disease falls into two main categories: first, it is a well-established modality for evaluation of myocardial blood flow (MBF); second, it enables assessment of myocardial metabolism and viability in patients with ischaemic left ventricular (LV) dysfunction. The combined study of MBF and metabolism by PET has led to a better understanding of the pathophysiology of ischaemic heart disease. 3 While there are potential future applications of PET for plaque and molecular imaging, as well as some clinical use in inflammatory conditions, this article provides an overview of the physical and biological principles behind PET imaging and its main clinical applications in cardiology, namely the assessment of MBF and metabolism.
Myocardial perfusion imaging and quantification of flow Available positron emission tomography tracers
Radiotracers are molecules that closely resemble naturally occurring molecules rendering them useful for characterizing physiologically relevant processes in qualitative and quantitative terms. 4 Cardiac PET radiotracers can be classified into those that enable assessment of (i) myocardial perfusion and (ii) myocardial metabolism. 5 (see section on assessment of myocardial metabolism and Figure 1 )
Positron emission tomography perfusion radiotracers
Rubidium-82 ( 82 Rb) is a cation with properties similar to potassium and thus its myocardial uptake involves Na + /K + ATPasedependent mechanisms. It has a half-life of 76 s and a first-pass extraction fraction of 65%. Because myocardial extraction of 82 Rb at higher flow rates is diminished, the uptake/flow relationship becomes non-linear as flow increases. Unlike nitrogen-13 ammonia ( 13 NH 3 ) and oxygen-15 labeled water (H 2   15 O), which require cyclotrons onsite, 82 Rb is produced by an Strontium- 82/ 82 Rb generator that generally requires replacement once a month. 6 N-13 Ammonia is an extractable perfusion tracer whose transmembrane transport occurs by passive diffusion or by the active Na + /K + ATPase mechanism. Myocyte retention of 13 NH 3 is energy requiring and involves metabolic trapping. 7 It has an 80% first-pass extraction fraction and a half-life of 10 min. 6 Good quality images can be obtained using 13 NH 3 because of its high myocardial retention; its rapid clearance from the blood pool and the positron range of 13 N. Furthermore, MBF measured using 13 NH 3 can be quantified over a broad range of flow rates. 8 At higher flow rates, flow can be somewhat underestimated using 13 NH 3 , but to a lesser extent than with 82 Rb. O-15 water (H 2 15 O) is a freely diffusible perfusion tracer with a virtually 100% first-pass extraction. 9 This tracer is not trapped in the myocardium, but rather reaches equilibrium between extra-and intravascular compartments making it difficult to obtain clear perfusion images with H 2 15 O in contrast to 13 NH 3   and   82 Rb. Oxygen-15 labeled water has a half-life of 2 min and is recognized to be the most suitable tracer for non-invasive measurement of MBF. 10 However, the application of H 2 15 O perfusion imaging, so far, has been primarily investigational. 3, 11 Image acquisition and interpretation Positron emission tomography imaging uses scanners that are optimized to detect positron-emitting radioisotopes. 12 Radioactive decay of a nucleus causes it to emit a positively charged particle called a positron (b+). After a few millimetres of travel in the tissue, the positron collides with an electron resulting in annihilation of both particles and release of energy in the form of two high-energy photons. The two 511 keV photons travel exactly 1808 from each other. 6 Positron emission tomography detectors are programmed to detect events with temporal coincidence of photons that strike at directly opposing detectors. Coincidence photon detection enables count sensitivity without the need for collimation. This represents an important advantage over single photon emission computed tomography (SPECT) imaging. The spatial resolution of current PET scanners is in the range of 4 -7 mm. Positron emission tomography imaging incorporates algorithms that correct for photon attenuation and scatter. Attenuation correction can be accurately and reliably achieved with PET either using radioactive sources or using CT on hybrid scanners. One advantage of transmission CT-based attenuation correction is the fast acquisition (,1 min). 13 New methods to obtain quantitative MBF imaging without the need for attenuation correction are currently under study. 14 Full details of image acquisition are beyond the scope of this article. The reader is referred to American Society of Nuclear Figure 1 Patterns of energy utilization by the myocardium. Positron emission tomography radiotracers that can be used to image myocardial metabolism are boxed. TCA , tricarboxylic acid cycle. The myocardial cell derives its energy from fatty acid and glucose metabolism. Under fasting conditions almost 100% of the energy is gained from oxidation of fatty acids in the mitochondria. This fatty acid utilization can be visualized using radiolabeled 11 C-palmitate and can be used to determine myocardial oxygen consumption since this process requires oxygen. After glucose loading or in chronically underperfused myocardium glucose metabolism is turned on inside the cell and can be visualized with the fluorodeoxyglucose tracer. The final common pathway of lipid and glucose metabolism is acetyl-CoA.
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C-acetate enters the tricarboxylic acid cycle and can be used to monitor myocardial oxygen consumption regardless of whether fatty acids or glucose are fueling the cell.
Cardiology (ASNC) guidelines 15 for cardiac PET for recommended image acquisition protocols.
Assessment of ischaemia and early disease detection with perfusion and flow quantification
Perfusion imaging
In the past few years, there has been a significant increase in the dissemination of PET instrumentation for the performance of myocardial perfusion imaging (MPI). 16 Important components of PET MPI protocols include: (i) patient preparation: including fasting and abstinence from caffeine and theophylline-containing medications; (ii) scout scanning: to ensure correct patient positioning; (iii) transmission scans: before rest and after stress for attenuation correction; and (iv) emission scans: when radioactivity is detected from the patient, done at rest and stress. Details pertaining to common protocols used for imaging myocardial perfusion with dedicated PET or PET/CT can be found elsewhere. 15, 17 Visual comparison of stress and rest images may reveal: (i) normal myocardium that shows uniform radiotracer uptake at stress and rest; (ii) the presence of ischaemic myocardium in which a perfusion defect is seen on stress, but not rest images; a so-called 'reversible defect' ( Figure 2) ; (3) the presence of scar in which perfusion defects are seen both at stress and rest; a so-called 'fixed defect'. Some fixed defects may also contain hibernating (i.e. dysfunctional but viable) myocardium and additional viability methods such as 18 F-fluorodeoxyglucose ( 18 FDG). Positron emission tomography imaging is required to rule out hibernation. The additional information provided by flow quantification is outlined in more detail in the subsequent section.
Compared to most SPECT perfusion tracers, PET perfusion tracers used in clinical practice have more linear uptake-flow relationships even at higher flow rates (.2.5 mL/min/g). 17 Although attenuation effects are significantly greater with PET compared with SPECT due to coincidence photons and full-ring acquisition, algorithms to correct for attenuation are more accurate with PET. 18 Furthermore, both better spatial resolution and contrast resolution (target-to-background ratio) in PET enable enhanced detection of milder perfusion abnormalities with PET in comparison with SPECT. The short physical half-lifeof commonly used PET tracers, enables a short acquisition time enhancing patient comfort and decreased potential for patient motion, but makes exercise imaging difficult. Thus, PET MPI is predominantly performed under pharmacological stress. 17 Several studies have confirmed the diagnostic advantage of PET MPI over conventional SPECT MPI. 19, 20 Most recently, 82 Rb PET MPI was compared with contemporary 99m Tc-sestamibi SPECT. 16 Not only PET perfusion images were significantly better in quality than SPECT, but also significantly more accurate (93% vs. 73%) for identifying significant CAD (stenoses ≥50%). However, the results of this study should be interpreted with caution as this was not a head-to-head comparison, but rather, PET and SPECT populations were propensity matched for characteristics known to impact perfusion data. Overall, these studies indicate that for patients who require pharmacologic stress, PET imaging provides superior diagnostic accuracy and may be preferable in situations in which SPECT image quality is expected to be degraded by soft-tissue attenuation (such as in obese patients) or when it is important to determine the functional significance of a known coronary lesion. The prognostic value of PET MPI has also been demonstrated in several studies. 21 -23 Yoshinaga et al. 22 showed that events rates increased with increasing summed stress score (SSS) and that 82 Rb PET SSS was the strongest predictor of total cardiac events. Likewise, Marwick et al. 21 demonstrated that PET MPI provided incremental prognostic value over clinical and angiographic findings alone. Dorbala et al. 23 showed that LV ejection fraction (EF) reserve (stress minus rest LVEF) obtained from gated PET images, provides significant independent and incremental value for predicting future adverse events and Lertsburapa et al.
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showed that decreased stress EF and increased SSS had prognostic value for prediction of all-cause mortality. Thus, PET MPI has high diagnostic accuracy and good prognostic value in patients being assessed for CAD and ischaemia.
Flow quantification
Accurate absolute quantification of MBF enables the calculation of coronary flow reserve (CFR), the ratio of peak MBF during near maximal pharmacologically induced vasodilatation to resting MBF. Coronary flow reserve is an index of the functional significance of a coronary stenosis. 25 In patients with CAD, CFR decreases in proportion to the degree of stenosis severity and is exhausted (i.e. hyperaemic MBF ¼ resting MBF) for stenoses ≥80% of the luminal diameter. 25, 26 In severe stenosis, regardless of the MBF level under resting conditions any increase of cardiac workload and oxygen demand cannot be met by an adequate increase in MBF, thus leading to demand ischaemia. With quantitative MBF measurement, it is possible to challenge the function of the coronary microcirculation by measuring CFR. Positron emission tomography is particularly effective in circumstances where CFR is diffusely blunted, for example in patients with hypertrophic cardiomyopathy, aortic stenosis, hypertensive heart disease where, in the absence of epicardial disease, 27 -29 the reduced CFR is due to coronary microvascular dysfunction. 3 Measurement of CFR enables the differentiation of pathological from physiologic LV hypertrophy 30 as well as the exclusion of myocardial ischaemia in patients with chest pain and angiographically normal coronary arteries. 31 Some caution should be taken when interpreting CFR values in the elderly. There is a linear association between age and resting MBF partially related to changes in external cardiac workload and hyperaemic MBF, which declines over 55 years of age.
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Recently two studies have demonstrated the prognostic value of flow quantification in patients with CAD. Tio et al. 33 showed that patients with LV dysfunction and CFR ,1.49 on 13 NH 3 MBF quantification had worse survival. Likewise Herzog et al. 34 using 13 NH 3 MBF quantification, showed that in patients with normal relative perfusion, preserved CFR (.2.0) had a good prognosis for at least a 3 year period compared with patients with reduced CFR. The authors suggest that this may be due to detection of early atherosclerotic microvascular disease. These authors also demonstrated that when a relative perfusion defect was present, reduced CFR was linked to worse cardiac outcomes (major adverse cardiac events and cardiac death) at a mean follow-up of 5.5 years ( Figure 3) . 34 Recent preliminary data indicate that flow quantification using 82 Rb is sensitive for detection of multivessel disease and may also have prognostic value on 1 year follow-up.
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F-18-fluorobenzyl triphenyl phosphonium and 18 F-flupiridaz (BMS-747158 -02) are new PET perfusion imaging agents. These tracers bind to the mitochondrial complex I of the electron transport chain with high affinity. They demonstrate good uptake in the heart due to its high density of mitochondria. 18 F-flupiridaz is about to enter Phase 3 studies. Early reports note good quality imaging and several promising features. A relatively long half-life provides good contrast between the heart and surrounding tissues that remains stable over time. Its high extraction at first pass is not affected by high flow rates. The half-life of 110 min could enable exercise PET imaging. Flow quantification may also be possible with these new agents. 37 -39 Finally, it does not require an on-site cyclotron.
Assessment of myocardial metabolism and viability using positron emission tomography
Metabolism in normal and ischaemic myocardium
Patterns of substrate uptake and utilization by the human myocardium show marked oscillation between the fasting state, with low rates of uptake of glucose and lactate and the high rates of uptake and oxidation of free fatty acid (FFA), and the fed state with high rates of uptake and oxidation of glucose and lactate and low FFA uptake. Glycolysis is the metabolic pathway converting glucose 6-phosphate to pyruvate. The basic control mechanisms operative during myocardial ischaemia are increased glycogen breakdown and increased glucose uptake; both feed products into the pathways of glycolysis, which are accelerated by anaerobiosis (Pasteur effect). Eventually, however, the products of anaerobic glycolysis, namely protons, NADH 2 , and lactate can feed back to inhibit glycolysis at various levels. Non-invasive metabolic imaging of ischaemia basically relies on two simple observations. First, the uptake of glucose by the myocardium is increased by hypoxia and mild-to-moderate ischaemia, but decreased by very severe ischaemia. Second, during both mildand severe ischaemia the extraction, uptake, and oxidation of FFA are reduced. Hence, the uptake of an appropriately labelled FFA is seen to be decreased in the ischaemic myocardium.
Ischaemia: stunning, repetitive stunning and hibernation
Ischaemia results when supply of nutrient flow cannot meet the demand of the tissue. Over 75 years ago Tennant and Wiggers 40 demonstrated that acute ischaemia rapidly impairs myocardial contractile function. Forty years later, Heyndrickx et al. 41 showed that this dysfunction persisted for several hours after transient nonlethal ischaemia, but eventually resulted in full functional recovery. This phenomenon known as myocardial stunning 42 has been demonstrated to occur in patients with CAD. 43, 44 Diamond et al. 45 were the first to use the term myocardial hibernation. Rahimtoola 46 expanded and increased the awareness of this concept, hypothesizing that chronic myocardial ischaemia could cause chronic, but reversible myocardial dysfunction.
A number of different techniques, including PET, have been used to investigate the mechanisms of myocardial hibernation and tissue viability before revascularization. 47, 48 A unifying feature of most available studies is the demonstration that a severe reduction in CFR is the common pathophysiological predecessor for both stunning and hibernation. 49 Repeated episodes of demand ischaemia may lead to cumulative stunning that could be a predecessor of chronic post-ischaemic LV dysfunction. 44 Hibernation is now believed to be the consequence of repetitive bouts of ischaemia and stunning (chronic stunning hypothesis) due to normally occurring increases in myocardial metabolic demand in the face of significant coronary stenoses and limited CFR. 49 Indeed, recovery of function in hibernating myocardium requires coronary revascularization which in turn restores an adequate CFR 47 ( Figure 4) . In addition, a novel mechanism underlying hibernating myocardium, in the form of an endogenous genomic cytoprotection that could subtend cell survival under conditions of prolonged ischaemia, has been demonstrated both in animal models and patients 50 ( Figure 5 ).
Positron emission tomography metabolic tracers
PET metabolic tracers include markers of: (i) glucose utilization and metabolism: Figure 5 Proposed mechanisms underlying hibernating myocardium (see text for more details). There is progression from repetitive stunning and functional hibernation (associated with little structural change and prompt recovery with revascularization) to structural hibernation (with glycogen accumulation and loss of contractile elements, which recovers slowly or incompletely after revascularization) and if untreated progresses to irreversible injury, which leads to scar formation. As myocytes become increasingly deranged, their contractile reserve and hence their ability to respond to dobutamine, is lost (DE-ve); while some metabolic activity must be maintained to sustain cell viability. Hence FDG is still taken up by the myocytes (FDG+ve). Viability imaging using perfusion and 18 F-fluorodeoxyglucose
Ischaemic cardiomyopathy continues to be the most common aetiology for myocardial dysfunction in developed countries. 58 The assessment of myocardial viability with 18 FDG PET is based on its ability to distinguish between the two main pathogenic mechanisms for chronic myocardial dysfunction in ischaemic cardiomyopathy: (i) irreversible loss of myocardium due to prior myocardial infarction (scar) and (ii) at least partially reversible loss of contractility as a result of chronic or repetitive ischaemia (hibernating myocardium). The distinguishing feature of these two mechanisms is that revascularization has the potential to restore contractile function of hibernating myocardium but not scar. This distinction may be crucially important in clinical decision-making because of the upfront morbidity and mortality associated with revascularization procedures in patients with severe LV dysfunction. FDG imaging, patients are generally studied after an oral glucose load. If the patient has glucose intolerance or diabetes, supplemental insulin will be required. Alternatively, some centres routinely employ the hyperinsulinemic euglycemic clamp or use it preferentially in patients with diabetes. 15, 59, 60, 63 Comparison of perfusion and metabolism images can yield one of four common patterns (see Table 1 ).
Normal myocardium has preserved myocardial perfusion and metabolism.
In the perfusion-metabolism mismatch pattern, perfusion is reduced whereas metabolism ( 18 FDG uptake) is preserved ( Figure 6 ). This pattern has been considered the hallmark of myocardial hibernation. 15, 60 Higher degrees of mismatch have been shown to be associated with improved LV function with revascularization. 51 Figure 7) . In a recent meta-analysis, the optimal threshold for the presence of viability required to improve survival with revascularization was estimated to be 25.8% (95% CI: 16.6-35.0%) by 18 FDG PET perfusion mismatch for the assessment of viability. 67 In the perfusion-metabolism match pattern, there is both reduced perfusion and reduced metabolism (Figure 8 ). This pattern is indicative of myocardium that is predominantly scar. The extent of scar has also been shown to be important in the prediction of LV function recovery after revascularization. Ottawa investigators showed that quantification of scar was an independent predictor of improvement of LV function following revascularization in a cohort of patients with severe LV dysfunction. Specifically, across tertiles of scar scores [small (0-16% scar); moderate (16-27.5%); large (27.5-45%)], changes in EF post-revascularization were 9, 3.7, and 1.3%, respectively. 68 Finally, the reverse mismatch pattern denotes normal perfusion with relatively reduced metabolism. This pattern can be observed in several settings, including in patients with: non-ischaemic cardiomyopathy, left bundle branch block (LBBB), repetitive stunning, following revascularization early post-MI when the myocardium is stunned, and in some patients with diabetes. Reverse mismatch with LBBB has been suggested to be a consequence of altered septal glucose metabolism. 69 Recent evidence suggests that the presence of reverse mismatch (as well as the extent of lateral scar and the overall extent of viability), on perfusion/
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FDG PET imaging can be used to predict outcome response in patients undergoing cardiac resynchronization therapy. 70 -72 The clinical significance of the reverse mismatch pattern itself warrants further investigation.
Viability imaging using 18 FDG alone and euglycemic hyperinsulinemic clamp
The semi-quantitative and quantitative analyses of 18 FDG uptake may enhance detection of viable myocardium at the price of a rigorous standardization of the study conditions. 73 Many patients with CAD are insulin resistant, i.e. the amount of endogenous insulin released after feeding will not induce maximal stimulation due to partial resistance of the myocytes to the action of the hormone even if they are not diabetic. 74 This may often result in poor 18 FDG image quality after an oral glucose load. To circumvent the problem of insulin resistance, the hyperinsulinemic euglycemic clamp protocol has been applied to PET viability studies. 75 This protocol is based on the simultaneous infusion of insulin and glucose acting on the tissue as a metabolic challenge and stimulating maximal 18 FDG uptake. The use of the euglycemic hyperinsulinemic glucose clamp provides excellent image quality, usually demonstrates uniform tracer uptake and enables PET studies to be performed under steady and standardized metabolic conditions. If a fully quantitative analysis is carried out it is possible to compare absolute values of the metabolic rate of glucose uptake (mmol/g/ min) among different subjects and centres.
A significant benefit of full quantification is its sensitivity in patients with CAD and poor LV function. Using this approach, Hammersmith Hospital investigators have studied a large series of patients undergoing revascularization procedures and have demonstrated good predictive accuracy of PET under different clinical conditions. A threshold value for the metabolic rate of Figure 7 Interaction hazard ratios and 95% confidence interval at various levels of mismatch measured as a continuous variable. D'Egidio et al.
showed that, for those with 18 F-fluorodeoxyglucose-positron emission tomography perfusion/metabolism mismatch of ,7% there is no significant difference in the risk of the primary outcome if revascularization is done compared with not done. As mismatch increases (i.e. ≥7%), they observed a decreased risk of the primary outcome for those who undergo revascularization. For those with mismatch of 7%, there is a 0.46 times lower risk for the primary outcome if revascularization is done. From D'Egidio et al., 66 with permission.
glucose of 0.25 mmol/g/min corrected for perfusable tissue fraction, allowed the best prediction of improvement in functional class of at least one grade after revascularization. 76 Lautamaki et al. 77 reported similar values in a population of patients with Type 2 diabetes and CAD; during insulin stimulation they found that myocardial glucose uptake in ischaemic regions was similar to that of non-ischaemic regions. While accuracy data have yielded results that are similar to perfusion/metabolism mismatch for predicting LV function recovery, most of the outcome data has applied perfusion/metabolism imaging approach. Currently the ASNC guidelines recommend the use of perfusion with 18 FDG to assist in defining the perfusion/metabolism mismatch pattern, the hallmark of hibernation and the parameter most related to patient risk for adverse outcomes if they do not undergo revascularization.
Prospective data on the utility of 18 F-fluorodeoxyglucose-positron emission tomography on assessment of myocardial viability 18 F-fluorodeoxyglucose imaging is considered to be the most sensitive means to measure myocardial viability. Several investigations have reported good accuracy of 18 FDG imaging in predicting improvement in LV function after revascularization. 48,51,59,64,78 -81 A recent systematic review by Schinkel et al. 48 demonstrated that 18 FDG PET is more sensitive than any other viability imaging modality ( Figure 9) . A recent health technology assessment identified the pooled estimates of sensitivity and specificity of 18 FDG PET in 103 patients. The PET arm had slightly fewer events but there was no significant difference in outcomes. However, only approximately one-third of these 103 patients had severe LV dysfunction (those most likely to benefit from revascularization). In addition there were long delays to revascularization, which may limit the benefit of viability imaging in many patients and therefore may have made the study unable to detect differences. Prior studies have shown that benefits for revascularization may be lost if there are excessive delays to revascularization. 87, 88 These limitations make it difficult to extrapolate data from this study regarding the viability detection in patients with severe LV dysfunction. The PET and PARR-2 study was a randomized controlled trial conducted to ascertain whether the use of 18 FDG PET in clinical decision-making resulted in better clinical outcome compared with standard care where PET was not available. This was a multicentre trial in patients with a LVEF ≤ 35% due to suspected coronary artery disease, who were being considered for revascularization, transplantation or heart failure work-up. In the PET arm, extent and severity of scar and mismatch were determined and considered in the context of a previously derived model to predict LV recovery after revascularization. Using the results of this model and the interpretation of PET images, the physician and surgeon would decide on whether or not to proceed with revascularization or revascularization work-up. Although there There is significant reduction in uptake in the anteroseptal wall and apex. The was a trend for better outcomes using the PET strategy compared with standard care, overall the trial was inconclusive as there was no statistically significant difference between the two groups. However, in a post hoc analysis that compared those that adhered to PET recommendations ('ADHERE' arm), there was a significant decrease in the hazard ratio for the primary outcome compared with standard care (Figure 10) . Further post hoc analysis revealed there was a benefit of 18 FDG PET in an experienced centre with ready access to and routine integration of 18 FDG PET, which may facilitate clinical decision-making. 66 Taken together, the findings of the PARR-2 trial, its sub-studies and other outcome observational data, support that 18 FDG-PET viability imaging has clinical utility in identifying high-risk patients who may benefit from revascularization and is a valuable tool in improving patient outcomes if 18 FDG-based recommendations can be meaningfully incorporated into an overall management strategy. Further randomized trials incorporating viability imaging as part of the work up for management of ischaemic cardiomyopathy, which go beyond the observational studies that have populated much of the viability research to date, are still required to truly appreciate the clinical value of these imaging techniques. Trials such as IMAGE-HF are now underway and plan to address these questions.
Relative merit of 18 F-fluorodeoxyglucose-positron emission tomography viability imaging vs. other modalities for assessing viability 18 F-fluorodeoxyglucose-positron emission tomography defines metabolic cell integrity and has the highest sensitivity compared with other methods for prediction of segmental contractile function recovery, whereas techniques challenging contractile reserve such as dobutamine stress with echocardiogram (DSE) or cardiac magnetic resonance (CMR) showed the highest specificity. 48 This is also exemplified in Figure 5 . The ability of different imaging modalities to predict the recovery of LV function after revascularization in a population with a prevalence of viability assessed by the optimal cutoff (i.e. number of viable segments) identified by the receiver operating curve (ROC) analysis confirm that SPECT and PET have higher sensitivity and DSE has superior specificity and lower PPV. 47 The importance of the cutoff value has been further highlighted in a recent paper by Inaba et al. 67 The amount of myocardium deemed necessary for improvement of survival with revascularization was characteristic of each technique. Positron emission tomography requires the least amount of viable myocardium (25.8%) in comparison with DSE (35.9%) and SPECT (38.7%) ( Table 2) . Caution is of the essence when evaluating meta-analyses results and some limitations must be taken into consideration. As noted by the authors the optimal cutoff for viability with different modalities was based on the assumption of a linear relationship between viability and survival. Also the studies used observational data which is fraught with biased. The authors note recent work by D'Egidio et al. 66 not included in their analysis, in which as little as 7% of the myocardium as mismatch may be needed to yield an outcome benefit from revascularization (outcome was cardiac death, MI, and cardiac hospitalization). This cutoff is similar to early work by Di Carli et al. 65 and Lee et al. 89 who used 5%
(1/20 segments) and 7.6% (1/13), respectively, as the cutoff to define significant viability. Other limitations of meta-analysis include the heterogeneity of the criteria used in different centres, the different duration of the follow-up, the lag between viability assessment and revascularization, the extent of LV remodelling, co-morbidities preventing timely revascularization, failure Figure 9 Comparison of sensitivities and specificities with 95% confidence intervals of the various techniques for the prediction of recovery of regional function after revascularization.
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F-fluorodeoxyglucose positron emission tomography viability was shown to have the greatest sensitivity, while dobutamine echocardiography was shown to have the greatest specificity for predicting recovery of regional function after revascularization. From Schinkel et al. 48 , with permission.
of revascularization procedures, and adherence to current guidelines for medical therapy. Regarding CMR, a highly sensitive method to detect scarred myocardium, limited data are available so far on the prognostic value. 90 
Summary and concluding remarks
Although coronary revascularization is performed frequently, its role, especially in patients with moderate-to-severe LV dysfunction, who do not have angina or reversible myocardial ischaemia, remains uncertain. 91 Recent European Guidelines on Heart Failure do not clearly recommend revascularization as a specific intervention in patients with chronic ischaemic LV dysfunction unless they suffer from angina. 92 This is due to the lack of specific randomized trials comparing the value of coronary revascularization when added to optimal medical therapy. At present only one ongoing randomized trial is tackling this specific issue, i.e. the Surgical Treatment for Ischemic Heart Failure (STICH) Trial. 93 The STICH primary hypothesis is that improvement in myocardial perfusion by coronary artery bypass surgery (CABG) combined with optimal medical therapy improves long-term survival. A sub-study that will be announced in 2012, deals with the identification of patients with greatest survival advantage based on the presence and extent of dysfunctional, but viable myocardium, as defined by non-invasive imaging (ClinicalTrials.gov Identifier: NCT00023595). Coronary artery bypass surgery in patients with severe LV systolic dysfunction is associated with higher peri-procedural complications and mortality ( 3% stroke, 5% death within 30 days post-surgery). 94 Furthermore, recent studies provide evidence that percutaneous coronary interventions (PCI) can be used safely to achieve complete revascularization in patients with severe CAD. 95 Although the STICH trial will add valuable information to improve the therapeutical strategies in patients with chronic systolic LV dysfunction due to CAD, important issues will remain unresolved. In particular, in STICH, PCI was considered part of the medical stratum, despite its effective restoration of flow with lower peri-procedural morbidity and mortality compared with CABG. 95 Furthermore, in the STICH trial, viability was not assessed in all patients recruited nor was it used to direct therapy. In those in whom viability was evaluated, different methods were used that might lead to variability in the accuracy of its detection. In conclusion, further randomized trials will be needed to conclusively assess whether routine assessment of myocardial viability before revascularization can: (a) identify those patients who might benefit most from revascularization; (b) choose the most appropriate revascularization approach; (c) avoid unnecessary procedures and risk in those patients with minimal or absent viability.
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